Abstract: Theoretical and experimental studies of mid-infrared (mid-IR) suspended membrane waveguide (SMW) and suspended membrane ring (SMR) resonator are presented. An array of periodical holes beside the rib waveguide facilitates the local removal of buried oxide to form suspended membrane devices on silicon-on-insulator (SOI). The waveguide design is optimized in terms of hole size, etch depth, and bend radius to minimize device strain and optical loss. We calculate waveguide dimension to attain the wide lowdispersion (AE100 ps/nm/km) bandwidth for the wavelength range from 2.0 to 8.0 m, and optical nonlinearity is also studied. The SMWs are fabricated on a commercial SOI wafer and characterized by an Er 3þ À Pr 3þ codoped fiber laser at 2.75 m. Negligible bending losses are measured for a 40-m radius bend. The minimum waveguide loss of 3.0 AE 0.7 dB/cm is measured experimentally. The SMR resonator has a quality factor (Q) of $10 000 and an extinction ratio of $13 dB in near-IR. In mid-IR, the resonator has a Q of $8100.
Introduction
Nonlinear silicon photonics has many applications, such as wavelength conversion, optical signal processing, and supercontinuum generation [1] - [3] . Free carriers generated by two-photon absorption (TPA) greatly limit the applications of silicon nonlinearities when the wavelength is below 2.2 m. Although pulsed pumping and reverse-biased carrier sweep-out technology can reduce the free-carrier density and absorption loss, TPA still has a negative influence on signal quality, switching speed, and energy conversion efficiency [4] , [5] . In the mid-infrared (mid-IR) region, TPA in silicon can become negligible because the photon energy is less than the half energy band gap [6] . Hence, silicon waveguides may find many promising applications for mid-IR nonlinearity [6] , [7] .
To date, silicon-on-insulator (SOI) devices have been extensively used in the photonics integrated circuits (PICs) and optoelectronic integrated circuits (OEICs) [8] , [9] . However, the working wavelength range of SOI waveguides is limited by buried oxide (BOX) transparent window (below 2.6 m and around 3.4 m) [10] , [11] . To overcome this limitation, silicon-on-sapphire (SOS) has been proposed as an alternative solution [12] - [14] . But, sapphire substrate is also very lossy beyond 6.0 m. Moreover, typical SOS wafers have more defects, complicated fabrication processes, and are more expensive than the commercial SOI. The freestanding waveguide [15] opens up the possibility of new devices research in the whole low-loss region of silicon, which covers from mid-IR (from 2.2 to 8.0 m) to far-IR (from 25 to 200 m). However, the proton beam writing technology is difficult to accurately control the device structure, which always has a Bteardrop[-shaped cross section. And the defects caused by protons and sidewall roughness would cause more than 13 dB/cm waveguide loss. Therefore, we propose to use the commercial SOI but with the BOX locally etched way by hydrofluoric acid (HF) to form the suspended membrane waveguide (SMW) for mid-IR applications.
The SMWs have several advantages. First, the SMWs are fabricated on the commercial and high-quality SOI wafer on which an ultralow-loss waveguide (0.3 dB/cm) has been demonstrated in the communication band [16] . Second, the SMWs are fabricated using the processes compatible with widespread complementary metal-oxide-semiconductor technology; even the common ultraviolet photolithograph can satisfy the fabrication requirement due to the microsize of mid-IR SMWs. Moreover, accurate size control makes it possible to engineer the properties of SMWs, such as dispersion and birefringence. Finally, many cladding materials can be deposited on suspended membrane devices to make the structure suitable for specific wavelength ranges. However, until now, the mid-IR suspended structure has been only investigated for photonics crystal devices [10] , rather than rib waveguides, which have more established applications in PICs and OEICs.
In this paper, SMW and suspended membrane ring (SMR) resonator are studied both theoretically and experimentally. With three-dimensional (3-D) finite-element method (FEM) optimization, full-etched periodical holes are designed beside the shallow-etched rib waveguide to facilitate the removal of BOX. The influences of the bending radius and etch depth on optical loss and waveguide strain are analyzed by a 3-D beam propagation method (BPM) and 3-D FEM simulations. The chromatic dispersion and nonlinearity coefficient of SMWs are studied theoretically in the mid-IR transparent window of silicon (from 2.0 to 8.0 m). An Er 3þ À Pr 3þ codoped zirconium, barium, lanthanum, aluminum, and sodium fluorides (ZBLAN) fiber laser is used to characterize devices at 2.75 m. For transverse-electric (TE) mode, negligible bending losses are measured for a 40-m bend radius. The best waveguide losses of 3.0 AE0.7 dB/cm are measured experimentally. The SMR resonator is initially demonstrated in near-IR with a quality factor (Q) of $10 000 and an extinction ratio (ER) of $13 dB. In mid-IR, the resonator Q is measured to be $8100.
SMW Design
In this paper, mid-IR SMWs were designed and fabricated on a commercial SOI wafer (SOITEC Inc.), which has a 340-nm top silicon layer (H1) and 2.0-m BOX (H2). Periodical holes, which were designed to help in removing the BOX, were located beside the rib waveguide, as shown in Fig. 1(a) . The fabrication processes include a full-etch step for periodical holes and a shallow-etch step for rib waveguide. The patterns were defined on the SOI using electron-beam lithography (EBL) (ELIONIX Company) followed by dry etching using C 4 F 8 and SF 6 gas in an inductively coupled plasma chamber (Oxford Instruments). Finally, the BOX can be removed in the stirred 5:1 water: HF (48%-51% concentration) solution. The electric field profile of TE 11 mode SMW was simulated using FEM as shown in Fig. 1(b) , and the waveguide width (W) for TE 11 mode under different etch depths (H3) can be determined, as presented in Fig. 2 
(a).
According to the coupled-mode theory [17] , the influence of periodical holes on waveguide mode can be calculated using Bragg grating coupling coefficient ðÞ
where jE j is the electrical field intensity, k 0 is vacuum propagation constant, and Án eff is the effective refractive index changes induced by rectangular holes. The FEM simulations show that, when the distance between periodical holes and rib waveguide (W1) is larger than 2.0 m, approaches to zero. So we fixed W1 ¼ 2:5 m and the distance between two adjacent holes ðL1Þ ¼ 2:0 m for SMWs. With H2 ¼ 2:0 m and W1 ¼ 2:5 m, the BOX can be totally etched away with approximately 80 min in the HF solution. The Young's modulus, Poisson ratio, and density of silicon were selected as 13:0 Â 10 11 dyn/cm 2 , 0.28, and 2.3290 g/cm 3 , respectively. Then, the mechanical model of SMW can be built up using 3-D FEM, as presented in Fig. 1(b) , and the deformation and stress distribution of SMWs are simulated.
Previous results show that the SOI wafer with 500-nm-thick top silicon may be cracked, when the strain reaches the value of 0.011 [18] . According to the simulation of the mechanical model, the SMW has negligible strain with its self loading. Then, the external pressures were exerted on the top surface of SMW, and the strain in the SMW was studied theoretically, as shown in Fig. 2(b) . The The dependence of waveguide loss on bending radius (R) was also studied using 3-D BPM and 3-D FEM, as shown in Fig. 2(d) . With the bending radius R ¼ 40 m, the bending-induced radiation loss can be neglected theoretically.
The chromatic dispersion of waveguide affects the efficiency of parametric nonlinear effects, such as four-wave mixing, parametric oscillation, and supercontinuum generation. The total planar waveguide dispersion includes material dispersion and waveguide dispersion. In our calculation, silicon material dispersion has been taken into account using Sellmeier equations, and chromatic dispersion of SMWs was studied for different waveguide sizes. For SMWs, optical mode is tightly confined in the waveguide, and the waveguide dispersion dominates total dispersion. For a SOI wafer with H1 ¼ 340 nm, four optimized SMW structures (H3 ¼ 240 nm W ¼ 1500 nm, H3 ¼ 260 nm W ¼ 1530 nm, H3 ¼ 280 nm W ¼ 1600 nm, and H3 ¼ 300 nm W ¼ 1800 nm) are presented in Fig. 3(a) . The low-dispersion (within AE100 ps Á nm À1 Á km À1 ) bandwidth is $1500 nm, and low-dispersion center wavelength can be adjusted from 3000 to 6000 nm by changing H3. The dispersion can be flattened by increasing H1. After optimization, for SMW with H1 ¼ 600 nm, H3 ¼ 400 nm, and W ¼ 2400 nm, the low-dispersion region can cover the wavelength range from 2000 to 6040 nm. When we further increase the top silicon thickness, the material dispersion plays a more important role in the total dispersion. Low dispersion is achieved from 2260 to 8000 nm with the size of H1 ¼ 1400 nm, H3 ¼ 400 nm, and W ¼ 2200 nm; the bandwidth can cover the whole low-loss mid-IR window of silicon.
The nonlinear coefficient ðÞ of SMW is another factor that affects the efficiency of nonlinearity. According to available experimental results of silicon nonlinear RI ðn 2 Þ [19] , [20] , a fitting curve was plotted in Fig. 3(b) to give us an estimation of n 2 . The of waveguide with high RI contrast, inhomogeneous transverse structure, and subwavelength features can be expressed as [21] 
and nonlinear coefficients with different waveguide sizes are calculated, as presented in Fig. 3(c) and (d). Small-sized waveguide has large due to decreasing of effective area, while it has poor confinement to the light in long wavelength range, which would reduce . So, can be improved by a properly designed waveguide structure with respect to a certain wavelength, as presented in Fig. 3(c) . H3 ¼ 300 nm, and W ¼ 600 nm. However, thin slab would cause mechanical instability of SMW; therefore, we chose H3 ¼ 240 nm, and the of SMWs with different wavelengths are calculated in Fig. 3(d) . will rapidly decay with increasing the wavelength because of larger effective area of SMWs. So, the efficiency of the nonlinear process of SMW will be lower with longer wavelength. For the SOI wafer used in this work, with waveguide dimension of H1 ¼ 340 nm, H3 ¼ 240 nm, and W ¼ 1500 nm, the SMW can exhibit low anomalous dispersion (from À100 to 0 ps Á nm À1 Á km 
Fabrication and Experimental Measurement
In fabrication, we chose the parameters as W Fig. 4 . Compared with the freestanding waveguides fabricated by proton beam writing technology, the structure of SMWs can be well controlled and fabricated with a much smaller linewidth. At 2.75 m, the BOX has a strong absorption (more than 100 dB/cm) to the transmission light. However, the BOX below SMWs in this work has been entirely cleared, and rib waveguides are supported by a silicon slab layer, as shown in Fig. 4 . In experiment, we set up a single-end forward pumping Er 3þ À Pr 3þ codoped ZBLAN fiber laser to characterize the optical loss of SMWs, as presented in Fig. 5 . The ZBLAN fiber was bought from IRphotonics Inc. with the specifications of 300-m outer polymer cladding diameter, 140-m inner cladding diameter, and 9-m fiber core diameter. The doping concentrations of Er 3þ and Pr 3þ ions in the fiber core were 30000 and 5000 ppm, respectively. The 976-nm wavelength pump laser was coupled into a 1.5-m Er 3þ À Pr 3þ codoped ZBLAN fiber through a collimated lens and a dichroic mirror, which has 0.1% reflectivity at 2.75 m and 90.6% reflectivity at 976 nm. The mid-IR laser was then coupled into an undoped single-mode ZBLAN fiber, and an online polarization controller was used to exert a strain onto the ZBLAN fiber to stabilize the laser polarization. Then, the light was coupled into/out from the SMWs with focusing subwavelength grating (SWG) couplers [22] , as presented in Fig. 4(b) . The mid-IR signal was filtered by a monochromator and measured by a 50-MHz bandwidth thermoelectrical cooling HgCdZnTe detector (PVI-2TE-4 Vigo System). To enhance the signal-to-noise level, a mechanical chopper was used to modulate the mid-IR signal, which was read by a lock-in amplifier with the control of a LabView program.
To eliminate the waveguide surface damage during SMW fabrication, a $30-nm silicon nitride protective cap was deposited on the chip before the processes using plasma-enhanced chemical 
vapor deposition (Oxford Instruments). And, the protective cap can be quickly removed in the HF solution at the final step of SMW fabrications. The SMWs with different bending radii were fabricated, as presented in Fig. 6(a) . The losses of bending waveguides were normalized by straight waveguide with the same length, so the bending (360 )-induced radiation loss can be measured. With a bending radius of 40 m, the bending loss can be ignored experimentally. Then, five SMWs with a width of 1.0 m and lengths of 1.1, 3.55, 7.35, 13.36, and 18.26 mm were then fabricated on the SOI wafer. And three identical samples were fabricated. To avoid the stitching error, each SMW was arrayed in a single chip during the EBL writing, as shown in Fig. 4(a) . Optical loss of SMWs was measured using back cutoff method and plotted in Fig. 6 . The best sample was measured with an optical loss of 3.0 AE 0.7 dB/cm, and the loss error arises from the standard deviation from the linear fit. The optical loss of SMW is comparable with that of the state-of-theart loss for a SOI nanowire in the communication band [14] . According to FEM mode simulation, 2.0-m BOX thickness is enough to avoid substrate leakage at the wavelength of 2.75 m. We believe the loss mainly comes from the sidewall roughness induced by waveguide fabrication. The 2.75-m wavelength has stronger absorption to the hydroxyl bonds than that of 1.55 m, and the confinement factor of TE 11 mode SMW with H1 ¼ 340 nm is $70%. So, we believe measurement in the nitrogen-filled chamber, deposition with silicon nitride cladding, and using a thicker top silicon wafer would also help to improve the loss of SMWs, and less than 1 dB/cm loss was predicted [8] in mid-IR.
The SMR resonators on SOI were also fabricated and measured, as shown in Figs. 4(f) and 7(a). The SMR resonator, with 10-m bending radius and 100-nm coupling gap, was first characterized in near-IR. Fig. 7(b) gives the transmission spectra of SMR resonator measured in the air. At the 1584. 6-nm wavelength range, Q was measured as $10 000 with the ER of $13 dB and the free spectral range (FSR) of $8.6 nm. The SMR resonator fitting curve, shown in Fig. 7(c) , agrees well with the experimental data with fitting parameters ¼ 0:9887, jtj ¼ 0:9818, and n eff ¼ 2:796, where is the electric field round-trip loss factor, and t is the electric field coupling coefficient of bus waveguides. The electric field profile of TE 1;112 mode was simulated using FEM, as shown in Fig. 7(d) .
For 2.75 m, the Er 3þ À Pr 3þ codoped ZBLAN fiber laser has only one fixed wavelength, so the Q of the mid-IR resonator cannot be measured using the above wavelength scanning method. Hence, we characterized the mid-IR suspended membrane resonator with the thermal tuning method as we have carried out in SOS device measurement [23] 
where ÁT is resonant temperature period, T is the dip FWHM of resonance, n g is the group index of SMW, L rt is the physical round-trip length, and 0 is the free-space wavelength. Because the BOXs under resonator and coupling waveguide region were locally etched away, and the SMR resonator was supported by two-side BOXs, there is no limitation on the device size. We designed a large suspended membrane race resonator with 250-m bending radius, 40-m coupling length, and two identical coupling waveguide with 600-nm coupling gap. And the chip temperature can be controlled by thermoelectric cooling. As presented in Fig. 8 , ÁT and T are measured to be 7.9 C and 2.2 C, respectively. And the theoretical mode group index is 3.89 calculated by FEM. Therefore, the Q of a mid-IR suspended membrane race resonator is calculated as $8100. Now, we cannot provide the experimental verification of nonlinear predictions in mid-IR, and more characterizations about mid-IR resonators would be needed in the future. The SMWs and SMR resonators proposed in this work have promising potential to achieve low-dispersion, highnonlinearity, and ultralow-loss devices for mid-IR nonlinear applications.
Conclusion
In this paper, the SMWs and SMR resonators are studied at the mid-IR spectral range in detail. The periodical rectangular holes are designed beside the rib waveguide, and the dependence of waveguide deformation on hole size is analyzed using 3-D FEM. The influences of bending radius 
